Background
Isthmus Zapotec [zai] is a language of Mexico with approximately 85,000 speakers (Lewis 2009). Phonemically, Isthmus Zapotec has five vowels: /a/, /e/, /i/, /o/, and /u/. Also phonemically, these vowels are realized in three phonations: modal, laryngealized, and checked. Laryngealized vowels sound as though there is a glottal stop in the middle of the vowel, and checked vowels end in a glottal stop, sometimes audibly aspirated. In addition, Isthmus Zapotec is tonal, with five contrasting word melodies available to noun roots: High, Low, High-Low, Low-High, and Low-High-Low. Stress falls on the penultimate syllable of a word. If the following consonant is lenis, stress is realized as length in the vowel. If the consonant is fortis, stress is realized as length in the consonant (Pickett, Villalobos Villalobos and Marlett 2010) .
In this paper, I am trying to answer several questions regarding the phonetic properties of these vowels: What are the average frequencies of their first and second formants? Is there a systematic difference in formant frequencies between stressed and unstressed modal vowels? If modal vowels exhibit a difference due to stress, does this difference carry over into the other two phonation types? Is there a systematic difference in formant frequencies between the three phonation types? Any conclusions I draw will necessarily be limited to the single speaker in the recordings.
Method

Materials
For the purpose of this study, I used an audio-recorded list of 106 words. Each word in the list was recorded in isolation. Most of the words in the list are nouns. A few of the nouns are modified with a demonstrative or a genitive to create another utterance, such as mani' 'animal' and mani ca 'that animal'. Some variant pronunciations are presented as well, such as berendru' and berenB for 'ant lion'. All words used in this study are presented in the appendix at the end of this paper.
Subject
The speaker is María Villalobos Villalobos, a fluent female speaker. She was born in Juchitán de Zaragoza, the largest city in the language area, in 1941, and still lives there (Pickett, Villalobos Villalobos and Marlett 2010) .
Procedures
The recordings were made by John Alsop, directly into his computer (Marlett, personal communication). They were provided to me by Stephen Marlett in the summer of 2009. I used Praat (Boersma and Weenink 2010) to make measurements of the formants. The recordings were of excellent quality, and I was able to get clear formant measurements for all but one of the vowels of 104 out of the 106 utterances. For modal vowels, this was a relatively straightforward process. I looked for the point in the vowel that appeared to be the steadiest, and took my measurement there. Figure 1 gives an example. White dots mark the first two formants. The vertical line marks where I measured. For laryngealized vowels, the process was a bit more complex. The section of the vowel that was causing the creaky sound was usually quite simple to identify: the voicing pulses were further apart and inconsistently spaced. The formants, however, continue unabated through the laryngealized portion and out through the other side into the rest of the vowel. I took my measurement within the laryngealized portion, at the place where the formants looked steadiest. Figure 2 shows how the formants continue through the laryngealized portion. My measurement point is once again marked with a vertical line. Checked vowels did not require this kind of special consideration; they simply end in a glottal stop. Figure 3 shows a checked vowel. The vertical line once again marks where I measured, and the arrow marks the glottal stop. The results of my measurements are presented in the appendix. After measuring the formants and plotting the vowels, I used Microsoft Excel 2007 to conduct paired, two-tailed t-tests, in order to see whether there was any significant difference between several pairs of formant values: stressed vs. unstressed modal vowels, stressed vs. unstressed checked vowels, stressed modal vs. laryngealized vowels, and stressed modal vs. checked vowels. There was only one instance of an unstressed laryngealized vowel, so I could not compare stressed vs. unstressed laryngealized vowels. Figure 4 shows the distribution of modal vowels. By and large, the realizations of each phonemic vowel are clustered together nicely in the vowel plot. However, some of the vowel realizations appear to stray rather far from the clusters formed by the majority of instances. In particular, /a/ covers quite a wide range. One instance of /u/ is almost exactly in the center of the vowel space, and one instance of /o/ is well into /u/'s territory. Figure 5 compares stressed and unstressed instances of /a/. It is apparent from the graph in Figure 5 that unstressed instances of /a/ tend toward a lower F 1 value than stressed instances. Articulatorily, they tend to be centralized in comparison to the stressed instances. Additionally, unstressed instances of /a/, although they have the same average position as stressed instances, are spread out further along the F 2 axis. This shows that unstressed instances of /a/ (and most likely all vowels) assimilate more easily toward the front and back of the vowel space than their stressed counterparts. A t-test returns a p-value of 0.0003 for a comparison of stressed and unstressed F 1 values. The difference between F 2 values is insignificant. Clearly, there is a significant centralization of this vowel in unstressed syllables. Three (possibly four) modal vowels exhibit articulatory alternations between stressed and unstressed positions. Does this difference carry over into vowels with other phonation types? There is only one instance of a stressed laryngealized vowel in the data, so I will compare checked vowels. Figure 10 compares stressed and unstressed checked /a/. Once again, the unstressed instances of /a/ appear to drift up toward the center. A t-test confirms this: a p-value of 0.02 is found for the difference between stressed and unstressed F 1 . Just as with modal instances of /a/, the difference between F 2 values is insignificant. Figure 11 compares stressed and unstressed checked /e/. Once again, it appears that unstressed instances of /e/ occur more toward the center. A t-test, however, denies that these results are significant, due to the fact that there are only five total instances of checked /e/. More research is required to draw a significant conclusion. There is no need to compare stressed and unstressed checked /o/. There is only one instance of each, and therefore there is no way to draw any significant conclusions. I will note, however, that in this pair the unstressed vowel is further back than the stressed vowel, which is the opposite of what I noted above in the modal vowel. More research is necessary. Figure 13 compares stressed and unstressed checked /u/. Once again, it appears that unstressed vowels drift toward the center. A t-test, however, shows these differences to be insignificant. Since there are only two instances of stressed checked /u/, this is unsurprising.
Results
I now move on to examine the difference, if any, between modal vs. laryngealized vowels and modal vs. checked vowels. For this portion of the research, I limited my data to stressed instances only, since that is where the vowels show the most distinction from one another. Figure 14 compares all modal, laryngealized, and checked stressed vowels. I have removed the gridlines for better visibility.
I conducted t-tests comparing modal to laryngealized and modal to checked for each vowel. None of the p-values were below 0.05, so I cannot draw any significant conclusions regarding oral articulatory differences between these phonation types. /a/ came quite close, showing a p-value of 0.055 when comparing F 2 between modal and laryngealized phonation. The F 2 is about 100 Hz higher on average.
Conclusions
The vowels of Isthmus Zapotec are correctly characterized as /a/, /e/, /i/, /o/, and /u/. They occupy spaces in the oral cavity traditionally associated with these IPA symbols.
All modal vowels except /i/ and possibly /o/ exhibit a phonetic difference between stressed and unstressed instances. They all move toward the center: /e/ moves back, /u/ moves forward, and /a/ moves up. Due to the low instance of checked vowels and the almost complete lack of unstressed laryngealized vowels in the available data, it is unclear whether this distinction holds for the other phonation types. The same difference is definitively exhibited for checked /a/, but for the other checked vowels the results were statistically insignificant albeit suggestive of the pattern's continuation. There is no statistically significant difference in the oral articulation of the different phonation types. However, this may once again be due to the low instance of laryngealized and checked vowels in the available data. SIL, 16131 N. Vernon Dr. Tucson AZ 85739-9395 julie.m.martin@gmail.com 
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